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A b s t r a c t -Double vacuum a r c remelted N i T i i n g o t s were vacuum i n d u c t i o n remelted and subsequently atomized u s i n g a high-pressure gas stream. Powders were c o l l e c t e d , loaded i n t o cans, and h o t i s o s t a t i c a l l y pressed (HIP1ed) .
P r i o r t o H I P 1 i n g , powders o f v a r i o u s known t r a n s f o r m a t i o n t e m p e r a t u r e s (AS), were p r e c i s e l y blended t o achieve a d e s i r e d i n t e r m e d i a t e t r a n s f o rm a t i o n t e m p e r a t u r e (A,).. T h i s i n t e r m e d i a t e As f o l l o w s an e m p i r i c a l r e l a t i o n s h i p which approximates a r u l e o f m i x t u r e s based on weight f r a c t i o n .

As were measured u s i n g d i f f e r e n t i a l scanning c a l o r i m e t r y (DSC) . R e s u l t s f o r HIP1ed and h i g h temperature annealed specimens i n d i c a t e t h a t t h i s techn i q u e was accurate and r e p r o d u c i b l e f o r measuring t h e t r a n s f o r m a t i o n temp e r a t u r e o f smooth, n e a r l y symmetrical DSC curves. DSC/DTA thermograms i n t h e l i t e r a t u r e t y p i c a l l y show a double peak e x o t h e r m i c -m a r t e n s i t i c react i o n w h i c h was d i f f e r e n t t h a n t h e smooth peaks o b s e r v e d f o r t h e H I P 1 e d c o n d i t i o n . The s p e c i f i c t h e r m o m e c h a n i c a l h i s t o r y p e r f o r m e d o n t h e P/M m a t e r i a l r e s u l t e d i n t h e double peak exothermic r e a c t i o n .
To i n t e r p r e t t h e peaks, thermal a r r e s t experiments were conducted on b o t h exothermic peaks, t h e r e s u l t s o f w h i c h c l e a r l y s u p p o r t t h e e x i s t e n c e o f a p r e m a r t e n s i t i c r e a c t i o n .
Thermal a r r e s t experiments were a l s o performed t o analyze i ncomplete thermal c y c l e s on b o t h h e a t i n g and c o o l i n g .
Thermal a r r e s t o f t h e m a r t e n s i t e r e a c t i o n r e s u l t e d i n reduced energy absorbed f o r completion o f t h e a u s t e n i t e r e a c t i o n .
Conversely, m a r t e n s i t e energy was reduced b y an a r r e s t o f t h e a u s t e n i t e r e a c t i o n .
However, r e h e a t i n g t h e sample r e v e a l e d t h a t t h e a r r e s t s p l i t t h e a u s t e n i t e r e a c t i o n i n t o t w o d i s t i n c t peaks, t h e s p l i t o c c u r r i n g a t t h e temperature o f t h e p r i o r thermal a r r e s t . These r e s u l t s and r e s u l t s o f a d d i t i o n a l DSC experiments serve t o emphasize t h e i n f l u e n c e o f thermomechanical h i s t o r y on t h e k i n e t i c s and e n e r g e t i c s o f t h e SME t r a n sf o r m a t i o n .
The P/M b l e n d i n g process technique was found t o r e s u l t i n unprecedented c o n t r o l o f t h e AS temperature.
S c i e n t i f ic/eng i n e e r i n g cons i de r a t i o n s j u s t i f y P/M p r o c e s s i n g and mechanical b l e n d i n g as opposed t o conv e n t i o n a l c a s t / w r o u g h t p r o c e s s i n g t o a c h i e v e a c c u r a t e As t e m p e r a t u r e s . I n t r o d u c t i o n -Work a t S p e c i a l Metals C o r p o r a t i o n i s aimed toward t h e commercializat i o n o f c o n t r o l l e d t r a n s f o r m a t i o n temperature N i T i . T h i s paper out1 i n e s t h e development o f s o p h i s t i c a t e d manufacturing and t e s t procedures.
I n c l u d e d i s c o n c i s e a n a l y s i s o f t h e manufacturing processes as t h e y a f f e c t t r a n s f o r m a t i o n temperature and a l l o y homogeneity.
D i f f e r e n t i a l scanning c a l o r i m e t r y (DSC) i s used t o d e t e c t a u s t e n i t e -m a r t e n s i t e phase changes and measure t r a n s f o r m a t i o n temperatures. DSC p r o v i d e s an accurate method t o m o n i t o r progress i n a c h i e v i n g c o n t r o l l e d t r a n s f o rm a t i o n temperature, as we1 1 as more fundamental i n v e s t i g a t i o n s o f a u s t e n i t e , mart e n s i t e , and p r e m a r t e n s i t i c r e a c t i o n s .
EXPERIMENTAL PROCEDURES
Manufacturin -P r e a l l o y e d N i T i i n g o t s were prepared b y vacuum i n d u c t i o n m e l t i n g VIM f o l l o w e d b y d o u b l e vacuum a r c r e m e l t i n g (VAR), t h u s a s s u r i n g a c l e a n + homogeneous i n g o t p r i o r t o a t o m i z a t i o n . S t a r t i n g i n g o t s were VIM'ed i n an atomizer and d i s i n t e g r a t e d b y a h i g h pressure stream o f argon. R e s u l t i n g powder was i n e r t l y c o l l e c t e d , screened, and s t o r e d t o await f u r t e processing.
Screen a n a l y s i s and p a r t i c l e morphology were r e p o r t e d p r e v i o u s l y . hr
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The program aim was t o achieve a f u l l y c o n s o l i d a t e d p r o d u c t w i t h known, accur a t e and r e p r o d u c i b l e t r a n s f o r m a t i o n temperature.
The convent i o n was assumed t h a t t r a n s f o r m a t i o n temperature i s e q u i v a l e n t t o a u s t e n i t e s t a r t temperature, As. T h i s approach q u a n t i f i e d a t e r m which was t y p i c a l l y q u a l i t a t i v e .
Control o f transformat i o n temperature was a c c u r a t e l y and r e p r o d u c i b l y achieved b y b l e n d i n g powders o f known t r a n s f o r m a t i o n temperature according t o a weight f r a c t i o n r u l e o f m i x t u r e s . T h i s b l e n d i n g approach u t i l i z e d t r a n s f o r m a t i o n temperature as t h e most i m p o r t a n t product i o n parameter.
Powders from two "pure" heats were i n t i m a t e l y combined i n a b l e n d e r u s i n g p r e c i s e l y c o n t r o l l e d weight f r a c t i o n s f o r s u f f i c i e n t t i m e t o achieve a homogeneous m i x .
Powders from heats o r b l e n d s were p u t i n t o s t a i n l e s s s t e e l cans and h o t i s o s t a t i c a l l y pressed (HIP1ed) t o 100 p e r c e n t t h e o r e t i c a l d e n s i t y a t 900°C f o r t h r e e hours a t 103 MPa pressure.
T h i s r e s u l t e d i n b i l l e t s 13 mm i n diameter and 600 mm l o n g weighing a p p r o x i m a t e l y 0.45 Kg. Cans were removed from t h e b i l l e t s b y c e n t e rl e s s g r i n d i n g . B i l l e t s were h o t worked and drawn i n t o w i r e .
A n a l y t i c a l -Sections were c u t from one o r more b i l l e t s i n each heat. Oxygen and n i t r o g e n c o n t e n t s were determined w i t h a LECO gas analyzer.
N i c k e l and t i t a n i u m c o n c e n t r a t i o n s were measured v i a wet chemical techniques.
Wires were annealed a t 850°C f o r 20 minutes p r i o r t o DSC a n a l y s i s because t r a n s f o r m a t i o n temperatures on h e a t i n g and c o o l i n g were s t r o n g l y a f f e c t e d b y r e s i d u a l s t r e s s e s .
Complete s t r e s s r e l i e f was n o t achieved f o r 500-600°C heat treatments. w i t h a compensating p o l a r p l a n i m e t e r . Areas were c l o s e d b y c o n n e c t i n g t h e b a s e l i n e s as shown i n F i g u r e 1. The c e l l c o n s t a n t f o r c a l c u l a t i o n o f h e a t o f t r a n s f o r m a t i o n was determined w i t h g a l l i u m .
T h i s was n o t a problem f o r t h e as-HIP1ed c o n d i t i o n due t o t h e s p e c i f i c n a t u r e o f t h e HIP c y c l e .
Thermal measurements were performed w i t h t h e heat f l u x DSC module o f t h e DuPont 990 Thermal A n a l y s i s System. Program r a t e was 1O0C/min. N i T i t r a n s f o r m a t i o n temperatures were considered t o be accurate t o w i t h i n + 1°C. A DSC thermogram o f t h e N i T i a u s t e n i t e -m a r t e n s i t e t r a n s f o r m a t i o n i s shown i n F i g u r e 1. The tangent i a l e x t r a p o l a t i o n method was used t o d e f i n e t h e endothermic t r a n s f o r m a t i o n onset, As, and completion, Af, f o r " a u s t e n i t e s t a r t " and " a u s t e n i t e f i n i s h , " r e s p e c t i v e l y . For t h e c o o l i n g t r a n s f o r m a t i o n exotherm, t h e onset was l a b e l l e d Ms f o r " m a r t e n s i t e s t a r t " and t h e completion
RESULTS AND DISCUSSION N i T i i s an e x t r e m e l y d i f f i c u l t i n t e r m e t a l 1 i c compound t o manufacture commerc i a l l y .
Manufacture i n c l u d e s m e l t i n g , r e m e l t i n g and a l l a t t e n d a n t h o t and c o l d f i n i s h i n g processes. A t t h e nucleus o f t h e problem i s chemistry, b o t h i t s c o n t r o l and i t s p r e c i s e measurement. These problems are discussed as f o l l o w s :
Chemistry Measurement -N i T i i s n o m i n a l l y 55 W.% n i c k e l and 45 W.% t i t a n i u m . I n t h i s c o n c e n t r a t i o n range, t h e e r r o r associated w i t h t h e chemical a Even under c o n d i t i o n s o f VIM w i t h i n e r t c r u c i b l e s these i n t e r a c t i o n s scavenge elements p r e f e r e n t i a l l y and change t h e t r a n s f o r m a t i o n temperature.
C r u c i b l e o u tg a s s i n g f o r m s T i 0 2 and T i N . P/M b i l l e t m a t e r i a l t y p i c a l l y c o n t a i n s 1260 ppm oxygen and 55 ppm n i t r o g e n .
On a weight f r a c t i o n b a s i s and assuming a l l o f t h e oxygen and n i t r o g e n compound w i t h t i t a n i u m , a n e t l o s s o f 685 ppm o f t i t a n i u m r e s u l t s . T h i s t r a n s 1 a t e s t o a t r a n s f o r m a t i o n t e m p e r a t u r e d.ecrease o f 1 0°C . T i t a n i u m oxides and n i t r i d e s trapped on t h e c r u c i b l e w a l l s f u r t h e r a l t e r t r a n sf o r m a t i o n temperature.
Such a problem a l s o e x i s t s w i t h powder p r o d u c t i o n and may be enhanced due t o t h e l a r g e s u r f a c e area o f powder.
This m e l t i n g r e l a t e d c h e m i s t r y problem and t h e inaccuracy o f t h e chemical a n a l y s i s p r e v e n t t h e manuf a c t u r e r from m e l t i n g an aim c h e m i s t r y t o achieve a p r e c i s e t r a n s f o r m a t i o n temp e r a t u r e .
A1 l o y m e l t r e a c t i o s and nominal c h e m i s t r y become r e l a t i v e l y unimportant i n t h e Special M e t a l s ' process?4) because t r a n s f o r m a t i o n temperature i s c o n t r o l l e d d i r e c t l y b y powder blend r a t i o s . Therefore, t h e aim c h e m i s t r y needs t o be o n l y approximate f o r a successful powder campaign. The p u r e powder heats a r e blended u s i n g a weight f r a c t i o n r u l e o f m i x t u r e s t o achieve t h e d e s i r e d i n t e r m e d i a t e t r a n s f o r m a t i o n tempera t u r e . The o n l y c o n s t r a i n t f o r t h e two pure powder heats i s t h a t t h e transformat i o n temperatures b r a c k e t (above and below) t h e d e s i r e d t r a n s f o r m a t i o n temperature.
Sol i d i f icatio,n -T y p i c a l VIM-VAR i n g o t s s o l i d i f y i n a r e a s o n a b l y p r e d i c t a b l e dend r i t i c mode. L~) R e s u l t s o f t h i s s o l i d i f i c a t i o n produce m i c r o -and macrosegregat i o n .
M u l t i p l e VAR and e x t e n s i v e h o t working reduce s e g r e g a t i o n b u t cannot e l i mi n a t e it, e s p e c i a l l y f o r a l l o y s which are v e r y s e n s i t i v e t o c h e m i s t r y v a r i a t i o n s .
Microscopic segregation r e s u l t s i n a broad ATA -A , s l u g g i s h completion o f t h e react i o n and an a t t e n u a t e d SME.
Macroscopic seg?eg$tion r e s u l t s i n end t o end v a r i at i o n s o f t r a n s f o r m a t i o n temperature over t h e l e n g t h o f t h e f i n a l product, e.g. wire.
Long range macrosegregations a r e n o t removed b y annealing and h o t work. For most m e t a l l u r g i c a l a p p l i c a t i o n s s e g r e g a t i o n can be removed w i t h i n d e t e c t a b l e l i m i t s . V a r i a t i o n from a 1 inear r u l e o f mixing arises from incomplete homogenizat i o n during consolidation.
T h i s i s n o t t r u e f o r N i T i due t o h i g h s e n s i t i v i t y t o small chemical changes. Macroscopic s e g r e g a t i o n i s e l i m i n a t e d b y P/M processing because each p a r t i c l e i s an i n d i v i d u a l c a s t i n g . M i c r o s e g r e g a t i o n i s d r a m a t i c a l l y reduced due t o t h e r a p i d quench and s m a l l e r d e n d r i t e s i z e , an i n h e r e n t advantage o f P/M processing.
Inhomogeneity may also be observed as wider a u s t e n i t i c (ATA) and m a r t e n s i t i c (ATM) transformation temperature ranges f o r blends than f o r t h e pure heats as shown i n Table I Thermal A r r e s t o f t h e Austenite, Endothermic Reaction A f t e r c o o l i n g below i t s Mf, t h e specimen i s heated t o t h e minimum o f the endothermic r e a c t ion; thermal l y arrested; cooled below t h e Mf and a1 lowed t o e q u i l i b r a t e . Reheating produces t h e doublet shown i n Figure 3 . The f i r s t minimum i s a t t h e thermal a r r e s t temperature. Reaction energies f o r t h e standard and doublet peaks are equal. 
Thermal a r r e s t appears t o d i v i d e t h e m a r t e n s i t e v a r i a n t s i n t o two d i s t i n c t p o p u l a t i o n s upon c o o l i n g below Mf.
Reheating t h e specimen i n t o t h e a u s t e n i t i c r e g i o n produces two endothermic r e a c t i o n s .
The f i r s t r e p r e s e n t s t h e p o r t i o n o f t h e m a r t e n s i t e p o p u l a t i o n p r e v i o u s l y unsheared ( t r a n s f o r m e d ) d u r i n g t h e thermal a r r e s t .
The second r e p r e s e n t s t h e p o r t i o n which remains sheared d u r i n g thermal a r r e s t .
C o o l i n g below Mf f o r t h e t h i r d t i m e and h e a t i n g through Af r e t u r n s t h e endothermic r e a c t i o n t o a s i n g l e peak.
Peak s p l i t t i n g phenomena p r o b a b l y r e s u l t f r o m d i s l o c a t i o n motion, t a n g l e forrna i n and r e s u l t i n g back s t r e s s e s generated b y t h e m a r t e n s i t i c transformat ion.f6! ' D i s l o c a t i o g e n e r a t i o n due t o unstressed thermal c y c l i n g has been addressed p r e v i o u s l y .~7 ) D i s l o c a t i o n t a n g l e s are a b l e t o s u r v i v e t h e c o o l i n g c y c l e , b u t o n l y one h e a t i n g c y c l e . D i s l o c a t i o n d e n s i t y w i t h i n t h e t a n g l e s i s p r o b a b l y v e r y low because o n l y one thermal a r r e s t c y c l e and no p r e s t r a i n a r e used. T h i s p r o v i d e s t h e m a r t e n s i t e v a r i a n t s w i t h a d i s t i n c t s t r e s d s t r a i n t e n s o r which a s s i s t s shearing and unshearing.
"Low" temperature v a r i a n t s a r e a s s i s t e d w i t h unshearing, a l l o w i n g them t o s t a r t and f i n i s h t h e i r r e a c t i o n b e f o r e t h e second p o p u l a t i o n s t a r t s unshearing.
Use o f a s i n g l e h e a t i n g and subsequent c o o l i n g c y c l e t o r e s t o r e t h e s i n g l e peak suggests low d i s l o c a t i o n d e n s i t y t a n g l e s which are e a s i l y removed b y an "avalanche1' o f shearing m a r t e n s i t e p l a t e s .
An avalanche o f m a r t e n s i t e p l a t e s attenuates o r e l i m i n a t e s t h e s t r e s d s t r a i n t e n s o r o f t h e d i s l o c a t i o n t a n g l e and p o s s i b l y t h e t a n g l e i t s e l f .
End r e s u l t i s t h e l o s s o f two d i s t i n c t m a r t e n s i t e p o p u l a t i o n s .
Thermal a r r e s t o f t h e m a r t e n s i t i c r e a c t i o n produces no d o u b l e t .
DSC RESPONSE TO THERMOMECHANICAL HISTORY
Residual s t r e s s and heat t r e a t m e n t have a s i g n i f i c a n t e f f e c t upon t h e DSC thermogram.
A specimen i s cooled t o -23"C, w e l l below t h e Mf, and t e s t e d t o f a i lu r e i n t e n s i o n .
DSC r e v e a l s no exo-o r endothermic r e a c t i o n . T h i s i s f u r t h e r discussed w i t h work p e r t a i n i n g t o r e a c t i o n energy and p r e s t r a i n . ( 8 ) Two specimens are c u t from t h e gage s e c t i o n o f t h e t e n s i l e w i r e . The f i r s t i s annealed a t 850°C f o r 20 minutes.
The r e s u l t i n g thermogram i s i d e n t i c a l i n f o r m t o F i g u r e 1. The second specimen i s annealed a t 500°C f o r 20 minutes.
I n F i g u r e 4 t h e As and Af temperatures have s h i f t e d .
I n t h e m a r t e n s i t i c r e a c t i o n a second peak i s apparent a t a h i g h e r t e m p e r a t u r e t h a n t h e Ms and i s b e l i e v e d t o b e t h e p r e m a r t e n s i t i c r e a c t i o n .
Thermal a r r e s t a n a l y s i s i s conducted on t h i s h i g h temperature peak.
Reheating t h e specimen a f t e r t h e a r r e s t r e v e a l s 2 a u s t e n i t i c r e a c t i o n , c l e a r l y i n d i c a t i n g t h a t t h e h i g h temperature peak does n o t d i r e c t l y c o n t r i b u t e t o t h e aust e n i t i c r e a c t i o n . Moreover, i t s e x i s t e n c e i s r e l a t e d t o a thermomechanical h i s t o r y which r e t a i n s some r e s i d u a l s t r e s s / s t r a i n . To c o n f i r m t h i s hypothesis, t h e specimen e x h i b i t i n g t h e double peak i s annealed a t 85O0C/20 minutes, r e s u l t i n g i n e l i m i n a t i o n o f t h e double peak and r e t u r n o f t h e t y p i c a l thermogram. b . Same Specimen Showing P r e m a r t e n s i t i c Reaction on Cooling.
CONCLUSIONS C o n t r o l l e d t r a n s f o r m a t i o n temperature N i T i i s commercially achieved.
Heat t o heat c o n t r o l o f t r a n s f o r m a t i o n temperature i s accurate t o + 5°C.
Transformation temperatures o f N i T i blended powders a c c u r a t e l y f o l l o w a l i n e a r weight f r a c t i o n r u l e o f m i x t u r e s . DSC i s a u s e f u l t o o l f o r measuring t r a n s f o r m a t i o n temperatures. A s i n g l e thermal a r r e s t on t h e DSC i m p r i n t s i t s h i s t o r y upon a n a i v e N i T i sample b y s p l i t t i n g t h e a u s t e n i t i c peak. P r e m a r t e n s i t i c phenomena i s observed u s i n g DSC. Thermal a r r e s t experiments r e v e a l t h a t t h e p r e m a r t e n s i t i c e f f e c t does n o t d i r e c t l y a f f e c t t h e a u s t e n i t e r e a c t i o n .
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